University of Montana

ScholarWorks at University of Montana
Graduate Student Theses, Dissertations, &
Professional Papers

Graduate School

2001

Controls on glomalin production| Effect of host carbon supply,
arbuscular mycorrhizal fungal species and cellular mechanism of
secretion
Griselda Yolanda Hernandez
The University of Montana

Follow this and additional works at: https://scholarworks.umt.edu/etd

Let us know how access to this document benefits you.
Recommended Citation
Hernandez, Griselda Yolanda, "Controls on glomalin production| Effect of host carbon supply, arbuscular
mycorrhizal fungal species and cellular mechanism of secretion" (2001). Graduate Student Theses,
Dissertations, & Professional Papers. 1905.
https://scholarworks.umt.edu/etd/1905

This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an
authorized administrator of ScholarWorks at University of Montana. For more information, please contact
scholarworks@mso.umt.edu.

CONTROLS ON GLOMALIN PRODUCTION: EFFECT OF HOST
CARBON SUPPLY, ARBUSCULAR MYCORRHIZAL FUNGAL
SPECIES AND CELLULAR MECHANISM OF SECRETION

by
Griselda Yolanda Hernandez

B.S. San Diego State University, 1999

presented in partial fulfillment of the requirements
for the degree of
Master of Science

The University of Montana
December 2001

!Mkpetson

Dean, Graduate School

L
Date

(

UMI Number: EP34102

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent on the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

UMT
Dtowtatlon PkttiaNng

UMI EP34102
Copyright 2012 by ProQuest LLC.
All rights reserved. This edition of the work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest'
ProQuest LLC.
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Hernandez, Griselda Y. December 2001

Microbiology

Controls on Glomalin Production: effect of host carbon supply, arbuscular mycorrhizal
fungal species and cellular mechanism of secretion.
Director: Dr. Matthias C. Rillig
This was a three-part study aimec
rols on the production of a fungal
glycoprotein, glomalin. Factors examined were host carbon supply, arbuscular
mycorrhizal fungus species (AMF) and cellular mechanism of secretion. Glomalin,
which is highly recalcitrant, is produced in copious amounts. Soil concentrations of
glomalin are positively correlated with soil aggregate water-stability and may play a
crucial role in the sustainability of soils by improving soil aggregation. AMF are obligate
symbionts and thus depend on their host plant for carbon and variations in the availability
of this carbon may affect the amount of glomalin that is produced. I used both simulated
herbivory and herbivory by nematodes to mimic carbon limitations to AMF. Such
decreases in carbon resulted in decreased soil concentrations of glomalin. Glomalin
concentrations were higher with no herbivory and lowest with both forms of herbivory
applied. Soils from non-mycorrhizal treatment combinations showed no significant
changes between treatments, suggesting that changes in the glomalin pool were due to
changes in production and not decomposition. The data presented here suggests that
changes in carbon allocation to AMF causes changes in glomalin production. Current
evidence acknowledges the enormous diversity of AMF. It is therefore likely that some
species may have evolved specialized functions. The existence of a "high" glomalin
producer is therefore possible. Controls on glomalin production caused by different
AMF species were tested in a greenhouse experiment. Results showed that glomalin
production per hyphal length was significantly higher for G. intraradices while the
remaining AMF species were not significantly different. This study suggests that AMF
may differ in the amount of glomalin produced. Hence, some AMF species may be more
important to soil aggregation than others. The intracellular localization of glomalin from
G. intraradices employing the monoclonal antibody, 32B11, used to detect glomalin, was
investigated using immunocytochemistry. Glomalin was localized within hyphal tips,
hyphal walls and spore walls of G intraradices. Overall, this study showed that glomalin
production may be controlled at different levels including those presented here. The
investigation of those factors may help ameliorate disturbed soil in order to improve its
structure.
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INTRODUCTION

Arbuscular Mycorrhizal Fungi
A.B. Frank first coined the term "mycorrhizae" (fungus root) in the late 1800's to
define the mutualistic association between a fungus and a plant root (Brundrett, 1991 and
Varma, 1995). The oldest mycorrhizas date back to the Devonian period when plants
first invaded land. Due to the absence of true roots in early plants, mycorrhizas may have
been imperative to the successful transition of plants onto land from aqueous
environments. Such poorly developed roots may have depended on the mutualistic
symbiosis to obtain water and nutrients from soil, even more so than they do today. As
many as 7 different types of mycorrhizas (Brundrett, 1991) have been documented;
however, the 3 most common are ectomycorrhizas, ericoid mycorrhizas and arbuscular
mycorrhizas; (Brundrett, 1991) the latter being the most prevalent (Brundrett et al., 1992;
Newsham et al., 1995 and Smith and Read 1997).
Arbuscular mycorrhizal fungi (AMF) are eumycotan fungi in the Zygomycota
phylum. They are members of the order Glomales from which approximately 150 AMF
species have been identified (Brundrett, 1991; Johnson et al. 1992, Newsham et al. 1995;
Morton and Bentivenga, 1994 and Smith and Read, 1997). AMF were previously termed
vesicular-arbuscular mycorrhizas (VAM) due to the characteristic structures, arbuscules
and vesicles, they were known to form. It was later determined that only 80% of AMF
species form both arbuscules and vesicles, hence the name was changed from VAM to
AMF (Smith and Read, 1997). AMF are aseptate, obligate symbionts that colonize the
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roots of most vascular plants (Brundrett, 1991; Smith and Read, 1997 and Tisdall and
Oades, 1991) thereby improving their nutrient uptake, growth and disease resistance
(Stevenson and Cole, 1999).

Role of AMF in Sustainable Soil Systems
Although soil erosion is a natural part of geological processes involved in
landscape development, human-induced perturbations such as tillage and crop
management practices exacerbate erosion rates and are causing adverse effects to
sustainable soil systems (Beare et al., 1997). Although soil conservation policies have
been in effect over the past 60 years (Uri and Lewis, 1999), per capita arable land
continues to rapidly decrease (Lai, 1994) with an estimated total loss of topsoil of 1
billion Mg per year (Schreiner and Bethlenfalvay, 1995).
The necessity to maintain the structure of soil systems has therefore become a
concern of global proportions. It is essential to research and develop an understanding of
the biological processes involved in the formation of soil structure in order to adopt soil
management practices aimed at reversing or diminishing the deleterious effects catalyzed
by human disturbance.
A major determinant of good soil structure is the level of soil aggregation
(Schreiner and Bethlenfalvay, 1995 and Thomas et al., 1993), namely water-stable
aggregates (Piccolo and Mbagwu, 1999 and Thomas et al., 1993). Several authors have
proposed that soils are heterogeneously composed of different sized aggregates held
' together by both organic and inorganic materials (Tisdall and Oades, 1997) and that the
stabilization of those aggregates depends on the quantity and quality of that material

(Amezketa, 1999). Soil aggregates are clusters of primary soil particles that adhere with
each other more strongly than to surrounding soil particles (Kemper and Rosenau, 1986)
thereby creating one unit. The porous nature of aggregates provides the channels that
affect the proper aeration and water infiltration of soils (Wright and Upadhyaya, 1998),
drainage and storage of water, activity and growth of crops (Amezketa, 1999) and plant
root penetration (Jastrow et al., 1998). Aggregate pores are also important because they
influence the availability of nutrients, water and oxygen to the soil microorganisms
(Miller and Jastrow, 1990). The destruction of soil aggregates by human activity results
in adverse effects, such as the loss of nutrients, organic matter and the diversity of the soil
microbiota (Schreiner and Bethlenfalvay, 1995) and lower water infiltration and aeration
(Beare et al., 1997). Plants, fungi, bacteria and other soil microbiota have been shown to
contribute to the stabilization of soil aggregation through the production of
polysaccharides (Andrade et al., 1998). Chemical factors are also known to participate in
the level of soil aggregation such as Ca++ and Fe in addition to the organic matter, clay
content and type of clay within soils (Stevenson and Cole, 1999). However, the actual
mechanism involved in soil aggregation has not yet been elucidated (Schreiner and
Bethlenfalvay, 1995).
Fungi usually make up the largest portion of the soil microbial biomass and are
believed to be more effective in binding soil particles than other microbiota (Beare et al.,
1997 and Thomas et al., 1993). AMF have been shown to contribute to the development
of soil aggregates (Tisdall et al., 1997 and Wright and Upadhyaya, 1999) with increases
documented as high as 400% (Bethlenfalvay and Barea, 1994). The two main factors
attributed to the stability of soil aggregates by AMF are the hyphal entanglement process
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(Tisdall et al., 1997 and Wright and Upadhyaya, 1996) and the production of extracellular
polysaccharides (Beare et al., 1997; Schreiner et al., 1995, Tisdall et al., 1997; Jastrow et
al., 1998 and Wright et al., 1996). However, some researchers view both factors as
ephemeral (Beare et al., 1997).

Fungal Mycelium
AMF grow within the cortical root tissue of plant roots both intra- and
intercellularly; the portion of AMF that colonize the internal region of a plant root is
known as the intraradical (or intramatrical) mycelium. Hyphae branch dichotomously
within the cortical tissue of plant roots giving rise to arbuscules and depending on the
AMF species, vesicles. The arbuscules are believed to be the principle component
responsible for the actual nutrient exchange of the mutualistic symbiosis. It is termed an
"exchange" because in addition to providing nutrients to the host plant, AMF are in turn
supplied with carbon that the host plant manufactures from its photosynthetic system;
fungi cannot be supplied with carbon from any other source.
Arbuscules develop within the cells usually taking up their entire volume;
however, the arbuscules never penetrate the plasma membrane but instead are enveloped
by it thereby creating the interface required for nutrient exchange. The plasma membrane
surrounding the arbuscule is known as the periarbuscular membrane (PAM) (Smith and
Read, 1997). In addition, some AMF may form vesicles that also grow both intra- and
intercellularly within the cortical root tissue. Vesicles are presumed to be lipid-rich
storage units, but their function is not entirely clear.
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AMF are not exclusively limited to the internal cortical tissue of plant roots.
They ramify within the soil by branching dichotomously thereby creating an extensive
hyphal network exterior to plant roots. This part of AMF is called the extraradical (or
extramatrical) mycelium. Its main function is to absorb nutrients from the rhizosphere as
well as the bulk soil and translocate those nutrients back to the host plant. Fungi are most
adept at translocating phosphorus to host plants (Sylvia, 1988). Phosphorus is an
essential nutrient that is required in large amounts but is usually very limited in soils
(Rosewarne et al., 1999). Being positively charged, phosphorus adsorbs to soil particles
making it immobile in soil and relatively inaccessible to plant roots if present beyond the
depletion zone. The extraradical hyphae function to enhance the nutrient uptake of their
plant host by extending beyond the nutrient depletion zone that plants' roots create
thereby allowing them to tap into nutrient sources that are either unavailable or too
depleted within the rhizosphere (Rosewarne et al., 1999). There are certain architectural
features associated with the extraradical hyphae. Runner hyphae (or arterial hyphae) are
thick hyphae that emanate from infected roots and grow radially in search of uncolonized
roots or untapped nutrient sources (Friese and Allen, 1993). They are also significant
carbon sinks (Allen, 1996).

Glomalin
Glomalin, a fungal glycoprotein, was recently discovered and is believed to play a
significant role in soil aggregation (Wright and Upadhyaya, 1996). Glomalin is a highly
insoluble, hydrophobic protein that is produced by AMF in copious amounts and has also
been found in soil. The fortuitous discovery of glomalin occurred while employing
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monoclonal antibody technology to find an immunological probe for hyphae of AMF
(Wright and Upadhyaya, 1996). During this attempt, the monoclonal antibody, 32B11,
detected material on the hyphae and spores of all genera of AMF in addition to root hairs
and root surfaces of host plants (Wright and Upadhyaya, 1996). Further investigation
using the monoclonal antibody in an immunofluorescence assay showed that the
immunoreactive material was also present in the soil (Wright and Upadhyaya, 1996 and
Wright, 2000). Solubilized glomalin and soil protein were compared using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and results showed that
the two had similar banding patterns suggesting that they were the same protein (Wright
and Upadyaya, 1996). Further characterization of the protein was accomplished by
capillary electrophoresis, which compared the cleaved oligosaccharides from both
glomalin and the soil protein. Results confirmed the similarity between the two proteins
by the attachment of N-linked oligosaccharides (Wright and Upadhyaya, 1996; Wright
and Upadhyaya, 1998 and Wright, 2000). The oligosaccharide is believed to be the site
where the monoclonal antibody attaches. The metabolism of the oligosaccharide by soil
microflora may cause the loss of the epitope onto which the monoclonal antibody
recognizes, hence the decreased immunoreactivity of glomalin. As a result, two fractions
of glomalin were arbitrarily defined to mimic changes to the protein over time in the soil:
easily extractable glomalin (EEG) and total glomalin (TG). Previous research has shown
that the EEG fraction (extracted in 20mM sodium citrate, pH 7.0 and 30 minutes at
121°C) is more immunoreactive than the total glomalin (TG) fraction, which has harsher
extraction conditions due to higher concentrations of sodium citrate and longer heating
cycles (Wright and Upadhyaya, 1998).

The evidence suggesting that the hyphal protein and soil protein were the same
product led to speculation that glomalin sloughs off from AMF hyphae and accumulates
in the soil over time. The unusually harsh conditions required to extract this protein
suggests that glomalin may be part of the stable organic matter within the soil. It may
therefore be involved in the long-term stabilization of soil aggregates unlike the short
lived stabilization provided by the fungal polysaccharides and the hyphal entanglement
process. Stabilization of soil aggregates may be accomplished by glomalin functioning
as a "glue" by an unknown mechanism which in turn may have significant implications to
soil sustainability. Previous research has shown that glomalin in soil is positively
correlated with water stable aggregates (Wright and Upadhyaya, 1998 and Wright and
Upadhyaya, 1999) further supporting glomalin's role in the stabilization of soil
aggregates. Glomalin may potentially be an important determinant of soil structure and
an indicator of fungal activity (Wright and Upadhyaya, 1996). Therefore, it may play a
significant role in management practices designed to improve the soil quality of disturbed
soils in order to enhance soil structure. Ultimately, soils may be bioremediated via
inoculation with a "high" glomalin producer to increase soil aggregation and reestablish
soil structure.
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GOALS AND HYPOTHESES

Given the importance , yet limited understanding of Glomalin, the goals of this
project was to elucidate some of the controls on glomalin production. In this thesis I
examined 3 different aspects of control on glomalin production (each will be addressed in
a separate chapter; see Figure 1).
1. How does carbon supply from the host plant influence glomalin production?
This was addressed by experimentally manipulating the carbon availability to
AMF through both simulated aboveground and belowground herbivory by
nematodes. Hi: Reducing host carbon supply will decrease glomalin production.
2. How do different co-occurring AMF species differ in glomalin yield? This was
addressed with a greenhouse experiment where several AMF species were grown
in monoculture. H2: Glomalin yield will differ between the AMF species
examined.
3. Is glomalin production subject to controls associated with the vesicle mediated
secretion pathway at the hyphal tip? This was addressed by
immunocytochemical localization of glomalin in hyphae. H3: glomalin will be
localized near the hyphal tip.

CHAPTER 1: Reduced host carbon supply via herbivory
CHAPTER 2- Different AMF Species
Greenhouse Experiment

Glomalin

CHAPTER 3:
Cellular mechanism of secretion
Greenhouse Experiment
(Collaboration with KSU)

Immunocytochemistry
Figure 1: Controls on glomalin production
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CHAPTER 1: Effect of host carbon supply

Introduction
AMF, being obligate symbionts, can only obtain carbon from their host plant
(Bethlenfalvay and Dakessian, 1984 and Smith and Read, 1997). The carbon enters the
intraradical portion of the AMF where it is subsequently allocated to the extensive
extraradical mycelium. This carbon, originating from the host plant, is used to produce
glomalin. The available quantity of that carbon may dictate the production and
abundance of the protein in soil and hence may translate into the level of soil aggregation
(Figure 1). Manipulating the carbon availability to AMF at the host plant level may yield
valuable information (evident by changes in glomalin yield) as to how the production of
glomalin is controlled. As a result, such findings may elucidate how soil aggregation is
impacted and hence soil structure.
Plants expend an estimated 10-60% of their photosynthates to support AMF and
changes in the carbon flux that is allocated belowground affects AMF (Gehring and
Whitham, 1994).
Increased CO2 has been shown to change plant carbon allocation patterns (Diaz,
1996) by increasing the amount of carbon belowground (Zak et al., 1993). Rillig et al.
(1999b) showed that increased carbon allocation belowground by CO2 enrichment in a
short-term experiment on two natural annual grassland ecosystems, increased
concentrations of glomalin in soil. Similarly, glomalin concentrations were also shown to
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increase along a CO2 gradient in a grassland by a CO2 spring in Northland, New Zealand
representing a long-term response by AMF (Rillig et al., 2000).
In contrast to the CO2 enrichment studies, researchers have also investigated
decreased carbon allocation belowground by exposing plants to either simulated or
natural aboveground herbivory. A decrease in carbon belowground may limit the carbon
availability to AMF which may result in lower rates of glomalin production. However,
plants are not only subjected to aboveground herbivory in natural environments (Stanton,
1983). Belowground herbivory by the soil microflora is also prevalent. Much less is
known about belowground herbivory and studies involving both forms of herbivory
working simultaneously are just being explored (Maron, 1998 and Stanton, 1983).
The purpose of this study was to determine changes in glomalin pools after
limiting carbon allocation to AMF using simulated aboveground herbivory (> 50%) and
belowground herbivory by nematodes.

Materials and Methods
Experimental Set-up
This study was conducted in a greenhouse and employed microcosms to simulate
a tallgrass prairie as described by Wilson and Hartnett (1997). It was done in
collaboration with researchers at Kansas State University (KSU). The microcosms
measured 40 x 52 x 32 cm (length x width x depth) and included approximately 50 kg of
native prairie soil (a Chase silty clay loam, fine montmorillonitic mesic Aquic Argiudoll),
collected from the Konza Prairie Research Natural Area in Manhattan, KS. The soil was
steam sterilized and then added to plastic containers used to create the microcosms.
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Seeds of C3 grasses (Koeleria pyramidata L. and Poa pratensis L.), C4 grasses
(Andropogon gerardii and Sorghastrum nutans) (provided by the Soil Conservation •
Service) and forbs (Amorpha canescens Pursh., Dalea purpurea Vent., Vernonia
fasciculata Michx. and Liatris aspera Michx.) (provided by CRM Ecosystems, Prairie
Ridge Nursery, Mt. Horeb, WI) were planted in the microcosms. The soil was then
reinoculated with 12,000 nematodes/microcosm, mycorrhizae (Glomus etunicatum
Becker & Gerdemann, Entrophospora infrequens (Hall) Ames & Schneider, G.
aggregatum Schenck & Smith, G constrictum Trappe, Sclerocystis coremioides Berk. &
Broome, G. mortonii Bentivenga & Hetrick and G mosseae (Nicol. & Gerd.) Gerdemann
& Trappe.), both or neither. The dominant species of nematodes included. It was
therefore a complete 2x2x2 factorial experiment representing either the presence or
absence of the factors mycorrhizae, clipping and nematodes with 7 replicates per
treatment. Only the top 15 cm of the soils were inoculated. Inoculation of the nematodes
(collected from the same area as that of the soil) was performed at about lA field density
where they proliferated successfully. The dominant species of nematodes included the
following: Helicotylenchus pseudorobustus, H. digonicus, Tylenchorhynchus spp,
Paratylenchus spp., Gracilacus spp. and Criconematinae spp. There was also a
complement of fungivores (hyphal-feeding: primarily Tylenchinae and
Aphelenchoididae) and microbivores (bacterial-feeding; primarily Cephalobidae) at
numbers roughly equal to the number of herbivores. The study ran for 16 weeks from
June through September of 1999. The plants were clipped (in the clipped treatments) at 4
and 7 weeks leaving ca. 5 cm stubs each time. At the end of the experiment, the soil was
dried before samples were collected. Soil samples from this experiment were then
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analyzed for hyphal length, protein quantification and percent water-stable aggregates at
the Fungal Ecology lab at the University of Montana.

Hyphal Extraction
Hyphae were extracted according to Rillig et al. (1999a) using an aqueous
extraction method. The sand mixture was sieved through a 38jxm sieve (Fisher Scientific
Company, USA) to remove any excess silt that would impede with hyphal length
readings. Any remaining sand in the sieve was rinsed into a 250 ml Erlenmeyer flask and
the volume was adjusted with tap water to 200 ml. The Erlenmeyer flask was shaken
vigorously for 5 seconds and left on the lab bench for 1 minute after which 100 ml was
extracted and filtered through a 0.45-|im membrane (Osmonics, Inc., Minnetonka, MN).
The filter was positioned onto a slide and stained with 0.05% trypan blue in lactoglycerol.

Hyphal Length
Hyphal length was calculated from the number of hyphal intersects using the line
intersect method modified from Jakobsen et al., (1992) and Tennant (1975). The hyphal
intersects were counted over the entire area of each membrane filter using a cross-hair
ocular piece at 200x magnification. The entire area of the filter was covered by
zigzagging over the filter in a total of 20 stops. At each stop the number of hyphal
intersects was determined by tallying each time a hypha crossed with either the horizontal
or vertical cross hair or both. The hyphal length was determined by the equation: R =
(3.14 x N x A)/ (2*H) * dilution factor * efficiency factor. N was the number of
intersects, A was the area of the filter imprint and H was the length of the imaginary line.
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Glomalin Extraction (Easily Extractable Protein and Total Extractable Protein)
Glomalin was extracted as described by Wright and Upadhyaya (1998). Two
fractions of glomalin were extracted and quantified: easily extractable glomalin (EEG)
and total glomalin (TG). The EEG fraction of glomalin was extracted with 20mM
sodium citrate, pH 7.0 at 121°C for 30 minutes. TG was extracted with 50 mM sodium
citrate, pH 8.0 at 121°C in 1-hour increments. Solubilized protein was centrifuged at
3300rpm for 15 minutes to remove the soil particles and decanted into collection tubes.
The amount of solubilized protein was quantified for each sample.

Protein quantification
Protein quantification (Wright and Upadhyaya, 1996) employed the Bio-Rad
Bradford Assay (Bio-Rad, Mellville, NY) to measure the amount of protein extracted.
The amount of protein extracted was measured against bovine serum albumin as a
standard ranging from 1.25-5|xg of protein. A 200(4.1 aliquot of solubilized protein was
added to each of the unknown wells and mixed with 50|il of Bio-Rad Protein Assay Dye
(Bio-Rad laboratories, Hercules, CA). The microplates were read at A570 after 5 minutes
of incubation.

Water Stable Aggregates
The percentage of water-stable aggregates was determined as described by
Kemper and Rosenau (1986). Soil was sieved to obtain l-2mm sized aggregates. Four
grams of the soil aggregates were weighed into 0.25mm sieves of the wet-sieving
machine and positioned in weighing boats where they were rewetted by capillary action
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for 10 minutes. Sieves containing the rewetted soil aggregates were then placed in a wetsieving machine where aggregates tumbled in water for 5 minutes. Remaining
aggregates were dried in an oven and reweighed after which they were crushed to
calculate the weight of the coarse organic matter. The percentage of water stable
aggregates was calculated, correcting for the weight of coarse organic matter (>0.25
mm).

Statistical Analysis
A 2 x 2 factorial analysis of variance (ANOVA) was performed on hyphal length
and water-stable aggregates. A 2 x 2 x 2 factorial ANOVA was conducted on the easily
extractable fraction of glomalin, which included both the mycorrhizal and nonmycorrhizal soils. In addition, a multiple comparisons test of all means (Tukey-Kramer)
was conducted to determine whether changes in the glomalin pool were due to either
decomposition or production (Hampton, 1994).

Results

Soils collected from this experiment were analyzed for glomalin, hyphal length
and water-stable aggregates. There were no significant differences in hyphal length
between the treatments (Figure 2); however, researchers at KSU showed that percent root
colonization of control soils (no herbivory) was significantly higher compared with soils
exposed to both forms of herbivory (both clipping and nematodes) (data not presented).
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In non-mycorrhizal soils there were no significant differences in glomalin concentration
between the treatments (Figure 3) but there were significant differences in glomalin
concentrations between the treatments in mycorrhizal soils (Figure 3). Glomalin
concentrations of mycorrhizal soils were significantly higher with no herbivory compared
to treatments exposed to both forms of herbivory (Figure 3). Intermediate concentrations
of glomalin were measured when either nematodes or clipping was applied; however,
these two treatments were not significantly different from the other treatments containing
both forms of herbivory or no herbivory (Figure 3). The clipping x nematode interaction
term was significant for water-stable aggregates; however, the pattern did not closely
mirror the one found for glomalin (Figure 4).
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Figure 2: Effects of simulated aboveground herbivory in the form of clipping and
belowground herbivory by nematodes on hyphal length. Values are the mean
and the error bars represent the standard error of the means (2x2 Factorial
ANOVA).
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Figure 3: Effects of simulated aboveground herbivory in the form of clipping and
belowground herbivory by nematodes in mycorrhizal and non-mycorrhizal
soils. Values are the mean and error bars represent the standard error of the
means. Different letters (a, b, c) represent differences at the significance level
P < 0.05 (Tukey-Kramer).
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Figure 4~ Effects of simulated aboveground herbivory in the form of clipping and
belowground herbivory by nematodes on water-stable aggregates. Values are
the mean and error bars represent the standard error of the means (2x2
Factorial ANOVA).
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Discussion

Microcosms were used to mimic a tallgrass prairie community that contained an
assemblage of native tallgrass and forb species from the Konza Prairie Research Natural
Area in Manhattan, KS from which soil and 6 species of nematodes were collected. The
plants and nematodes selected for this study represented dominant species from this area.
The purpose of this study was to determine changes in glomalin production by limiting
the amount of carbon available to AMF. This was done by subjecting the plants to
aboveground and belowground herbivory. Simulated aboveground herbivory was
accomplished by the severe clipping of the plants and herbivorous nematodes were used
for belowground herbivory (nematode treatments only). A complement of fungivores
and bacterivores were also present in roughly the same amounts as the herbivores. The
significant decrease in percent root colonization of clipped plants compared to undipped
plants may have been attributed to the plants being clipped so severely that they were not
able to overcome such stress and lost their ability to sustain their mycorrhizal association
due to insufficient carbon. In addition, severe defoliation has been shown to halt root
extension (Hodgkinson and Becking, 1977 and Merrill et al., 1994) sometimes leading to
root mortality (Merrill et al. 1994), which may have exacerbated the decrease in percent
root colonization by a decrease in available root material for colonization. This
mechanism aimed at retarding root extension may help plants reestablish their
photosynthetic foliage and the root: shoot balance (Richards, 1984). Since this study also
included an abundant amount of fungivores (nematode treatments only), these organisms
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applied together with clipping might have also contributed to a decrease in percent root
colonization by severing hyphal contacts with the roots.
There were no significant differences in hyphal length among the different
treatments. The protocol used for calculating hyphal length does not allow the
differentiation between active and dead hyphae. Since any decomposers that were in the
soil were also killed by steam sterilization, decomposition of dead hyphae did not occur
which allowed them to remain in the soil.
Changes in glomalin pools in soil can be attributed to two factors: production or
decomposition. Soil concentrations of glomalin were quantified in both mycorrhizal and
non-mycorrhizal soils. There was no significant difference in glomalin yield between the
different treatments of non-mycorrhizal soils but there was a significant difference in the
mycorrhizal soils. This implies that differences in glomalin yield were due to production
rather than decomposition. In the mycorrhizal soils, glomalin concentration was shown
to decrease as both simulated aboveground and belowground herbivory were applied.
This was significantly different that the treatment in which there was no herbivory.
Treatments in which either clipping or nematodes was applied resulted in intermediate
levels of glomalin concentrations that were not significantly different from the other two
treatments. This evidence seems to support that severe aboveground herbivory has a
negative impact on the amount of glomalin that is produced as a result of limited carbon
supply to AMF. Such effects can translate into the level of soil aggregation and define
soil sustainability of a particular soil.
The results for water-stable aggregates did not closely mirror the one found for
glomalin. The control treatment (no herbivory) did not exhibit the highest level of water-
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stable aggregates among the other treatments as would be expected due to the
significantly higher concentration of glomalin quantified for that same treatment.
Similarly, the treatment with both forms of herbivory applied did not mirror the
significantly lower concentration of glomalin quantified for that same treatment. The
level of water-stable aggregates was very high for soils of all treatments. Hence, small
changes in glomalin production did not translate into changes in soil aggregation.
While herbivory has been found to decrease carbon allocation belowground
(Donart and Cook, 1970; Holland et al., 1996 and Kinsinger and Hopkins, 1961)
increases in carbon allocated belowground by host plants has also been documented
(Holland et al., 1996 and Willard and McKell, 1978). This suggests that the mechanisms
governing the allocation of carbon to AMF are complex. Carbon allocation patterns by
host plants involve numerous factors such as intensity of above- (Gehring and Whitham,
1994; Hodgkinson and Becking, 1977; Kinsinger and Hopkins, 1961 and Moron-Rios et
al., 1997) and belowground (Dunn and Frommelt, 1998) herbivory, the type of root
systems that are involved due to variations in their abilities to maintain carbon reserves
(Evans, 1971), developmental stage of the plant (Dunn and Frommelt, 1998) and
tolerance/sensitivity to herbivory (Caldwell et al., 1981 and Richards, 1984) to name a
few. The interaction between these factors may also weigh heavily on the carbon
availability to AMF.
Decreases in carbon allocation may limit the carbon availability to AMF as shown
in this study and may represent a factor controlling the production of glomalin.
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CHAPTER 2: Arbuscular mycorrhizal fungal species

Introduction
Due to the potentially important role that glomalin may play in soil aggregation;
more information about this protein needs to be elucidated. Previous studies of glomalin
quantification (Wright and Upadhyaya, 1998 and Wright et al., 1998) have only focused
on comparisons between AMF species from soils of different geographical locations.
The variability in glomalin yield from AMF species obtained from different geographic
locations may be due to any number of factors. Glomalin concentrations between cooccurring different AMF species needs to be determined.
Plant roots in natural ecosystems are usually associated with an assemblage of
different AMF species, which create AMF communities within the soil (Walker et al.,
1998). The ubiquity of AMF and the apparent co-habitation of various species within the
same ecosystem implies that they have evolved to perform specialized functions other
than enhanced phosphorus translocation to plants (Newsham et al., 1995). The diversity
among AMF occurs at the ecological (Morton and Bentivenga, 1994), physiological
(Giovannetti and Gianinazzi-Pearson, 1994), molecular and morphological level
(Giovannetti and Gianinazzi-Pearson, 1994 and Morton and Bentivenga, 1994). The
diversity of AMF found at the Long-Term Mycorrhizal Research site (LTMRS) at the
University of Guelph in Canada may therefore contain a community of AMF species,
each performing a specialized function. A specialized function may include a "high"
glomalin producer. Identification of such an organism may provide the evidence that will
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elucidate another factor involved in the control of glomalin production and that some
AMF species may be more important to soil aggregation than others. The purpose of this
study was to assess whether different AMF species produce different amounts of
glomalin.

Materials and Methods
AMF Inocula
Fifteen different species of AMF inocula obtained from the LTMRS were
employed to compare glomalin yield between the different species. The fifteen species
included Acaulospora denticulata, A. morrowiae, A. spinosa, Entrophosphora
colombiana, Glomus aggregatum, G claroideum, G. constrictum, G intraradices, G.
mosseae, Gigaspora gigantea, Gi. margarita, Gi. rosea and Scutellospora calospora, S.
depurpurascens and S. heterogama. Another treatment included a mixture of all fifteen
AMF species totaling 10 grams. There were 5 replicates per AMF species. A grade 16
silica sand was utilized for all pot cultures and experimental pots to facilitate the
quantification of glomalin yield by providing a medium void of any background glomalin
and to eliminate or diminish any other confounding factors that may also influence
glomalin yield.

AMF pot-cultures
Each AMF species was cultured on Allium porrum (Bejo Seeds, Inc. Oceano, CA)
to maintain a supply of the fungal inoculum for future experiments. A. porrum was
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chosen as the host plant since this is a common plant used successfully in other pot
cultures. Each pot culture contained lOg of fungal inoculum that was mixed with sand.
To decrease the possibility of cross contamination with other pots a layer of sand
containing no inoculum was layered over the surface of each pot culture.

Plant root-hyphal compartmentation
The bottoms of 6" diameter pots were lined with horticulture mesh to prevent the
loss of sand through the drainage holes at the bottom of the pots. Horticultural mesh was
also used cover the surface of the sand surrounding the 38|im nylon mesh (Sefar
Bricarcliff Manor, New York) to help diminish algal growth. The mesh also helped to
evenly distribute the water that was added periodically only to keep the sand moist or
Long-Ashton's nutrient solution added about once a month. Both the water and the
nutrient solution were added to the center compartment.
A 1000-ml graduated cylinder was filled with approximately 350-ml of sandinoculum mixture (lOg of fungal inoculum/pot). The 38fxm nylon mesh, cut in 17"
diameter circles, was centered on top of the 1000-ml graduated cylinder and inverted into
the center of a pot. The remaining area surrounding the inverted cylinder was filled with
sand and the graduated cylinder was removed leaving the nylon mesh in place. To
prevent cross contamination by fungal inocula between pots, a layer of sand was added in
both, the center and outer compartments. The center compartment was seeded with
approximately 20 seeds of Bromus inermis (Ernst Conservation Seeds Meadville, PA) in
late July 2000, which germinated about a week later. Throughout the duration of the
experiment, the pots were watered daily or as needed, with 50 ml of deionized water and
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were watered with 50 ml of Long-Ashton's nutrient solution approximately once or twice
a month depending on the appearance of the grass.
Following the germination of the B. inermis seedlings at the end of the first week
in August 2000, a time 0 sampling was collected and Bio-Rad Bradford Protein assay
was conducted. For each AMF species, 1 pot from the 5 replicates was checked for the
presence of hyphae about one month after germination.
Pots were sampled every 3 months with the last sample taken at the end of 12
months (Figure 5). Samples were collected using a 2 cm soil corer that was sterilized in
ethanol between pots of dissimilar AMF species to prevent cross contamination. Holes
that were left in the outer compartment from sampling with the soil corer were filled in
with sand. Samples of sand collected were dried in a drying oven prior to any analysis.
Due to undetectable glomalin concentrations at each sampling the final sampling was
followed by a final destructive sampling which included the entire outer compartment
from which glomalin was extracted.
In total, 9 of the AMF species were excluded from this experiment. This occurred
due to the unsuccessful colonization of B. inermis seedlings by AMF and/or
contamination of the hyphal compartment by the host roots as a result of tears in the
nylon mesh from the soil corer used to collect sand in the pots.
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Figure 5: Sampling diagram from top view of pot.
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Hyphal Extraction, hyphal length and glomalin extraction were conducted as described in
chapter 1.

Protein quantification
Protein quantification (Wright and Upadhyaya, 1996) employed the Bio-Rad
Bradford Assay (Bio-Rad, Mellville, NY) .to measure the amount of protein extracted.
The amount of protein extracted was measured against bovine serum albumin as a
standard ranging from 1.25-5(ig of protein. A 200jul aliquot of solubilized protein was
added to each of the unknown wells and mixed with 50|il of Bio-Rad Protein Assay Dye
(Bio-Rad laboratories, Hercules, CA). The microplates were read at A570 after 5 minutes
of incubation.

Statistical Analysis
Hyphal length data were subjected to a one-way analysis of variance. Glomalin
data were log transformed in order to meet assumptions of homogeneity of variances
(Levene's test). Glomalin yield per hyphal length data were subjected to a nonparametric
test (Kruskal-Wallis) since they did not meet the assumptions of normality (ShapiroWilks' W test) or by using logio transformed data. Significance was determined at P <
0.05- (Hampton, 1994).

Results
AMF species effects
Pot cultures were sampled at about 2 months after germination of B. inermis but
glomalin was not detectable. Roots from each pot were stained to determine whether or
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not they were colonized by AMF but most were not. Pots of plants that exhibited no
colonization of AMF were excluded. Due to undetectable levels of glomalin, the
protocol for glomalin extraction was modified by increasing the amount of sand used
from lg to 4g. Glomalin was still below the detection limit and the initial sampling
schedule was changed from a period of 12 weeks to 12 months. Glomalin quantification
remained undetectable throughout the 12-month period. A final sampling included the
extraction of sand and the horticulture mesh region corresponding to the outer
compartment from the entire outer compartment resulting in the destruction of the pot
experiments. The total amount of glomalin extracted was collected and dried in the
drying oven at about 40°C after which 1ml of nanopure water was added. The purpose of
this was to concentrate the amount of glomalin extracted into 1ml so that concentrations
were detectable.
There was a significant difference (p < 0.0001) in hyphal length among the
different AMF species (Figure 6). A treatment that included multiple AMF species
(unknown composition) was significantly higher in hyphal length than the rest of the
AMF species (Figure 6); however, there was no significant difference (p = 0.1019) in
glomalin yield between them (Figure 7). When comparing glomalin yield (mg) per gram
of soil, the yield of G. intraradices was significantly higher (p < 0.0001) than that of the
other species. The remaining AMF did not differ in yield (Figure 8).
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Figure 6: Effects of different AMF species on hyphal length. Values are the mean and
the error bars represent the standard error of the means. Different letters (a,
b, c, d) denote differences at P < 0.05 (Tukey-Kramer)
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Figure 7: Effects of different AMF species on glomalin yield. Values are the mean and
error bars represent the standard error of the means (One-way ANOVA).
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Figure 8: Effects of different AMF species on glomalin yield per hyphal length. Values
represent the mean and the error bars represent the standard error of the
means. Different letters (a, b) denote differences at P < 0.05 (Tukey-Kramer)
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Discussion
This study was initially planned to run for 12 weeks; however, due to
undetectable levels of glomalin, the study was lengthened to last a total of 12 months.
Sand was chosen for this project as it contributed no background glomalin (data not
shown). Undetectable levels of glomalin persisted throughout this project and most
likely occurred because of leaching of glomalin through the holes at the bottom of the
pots since the potting medium consisted solely of sand. Using a different type of potting
medium can circumvent this problem. Also a soil devoid of glomalin produced by the
extraction of glomalin followed by subsequent rinsings in water, drying and sterilization
of soil as described by Wright and Upadhyaya (1999) can be used. However, other
unexpected results developed. During rainy weather, the dilapidated roof of the
greenhouse caused some pots to receive more water than others. The experimental set-up
required that the pots be watered with deionized water in order to avoid introducing any
impurities that might affect a response by plants and subsequently alter the production of
glomalin. The effects caused by the water containing unknown impurities are unknown,
but may or may not have affected the results presented here. Finally, the soil corer used
for the collection of sand samples was very sharp and caused tears in the delicate nylon
mesh thereby contaminating the hyphal compartment with plant roots. The tearing of the
nylon mesh was also facilitated by the tapered shape of the pot which decreased the
distance between the inside wall of the pot and the nylon mesh. Future experiments can
eliminate this problem by using larger diameter pots, a soil corer with a duller edge or the
use of a smaller graduated cylinder in order to make the center compartment narrower.
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As a result of the aforementioned caveats, a lot of the pots had to be excluded from this
study.
There is a wide range of physiological diversity among AMF and a specialized
function such as a "high" glomalin producer is therefore likely. Although this project
suggests the possibility of a "high" glomalin producer, such a conclusion cannot be
definitely drawn from results obtained from only 6 AMF species. A similar project
involving a wider range of AMF concomitant with the corrections presented here needs
to be conducted.
Results showed that hyphal length differed between different AMF species
although glomalin concentrations in pots did not. When comparing the amount of
glomalin yield per hyphal length, G intraradices had a significantly greater yield.
There is ample evidence that describes the enormous diversity among AMF. The
possibility that a specialized function such as a "high" glomalin producer has evolved, is
likely, but is not supported by these findings. Although this project is suggestive of a
"high" glomalin producer, such a conclusion cannot be conclusively drawn from results
obtained using only 6 AMF species. Additional research regarding the glomalin
differences between AMF species needs to be conducted to include more species
concomitant with corrections presented here.
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CHAPTER 3: Cellular mechanism of secretion

Introduction
Glomalin has not yet been mapped in the fungal secretory pathway and the
cellular mechanism by which it (or any other protein) is secreted is minimally understood
(McCabe and Van Alfen, 1999; Peberdy, 1994 and Wessels, 1992). Numerous
researchers however, support that protein secretion occurs at the tips of actively growing
hyphae (Archer and Peberdy, 1997; Hazra et al., 1997; Jennings, 1995; Lee et al., 1998;
Peberdy, 1994, Sietsma et al., 1995; Sorensen et al., 1996; Wessels, 1986; Wessels, 1989;
Wessels, 1993; Wessels, 1994 and Wosten et al., 1991) while others have shown such
phenomenon in non-AMF such as Armillaria mellea (Garraway and Evans, 1984) and
Aspergillus niger (Wessels, 1992; Wosten et al., 1991).
All proteins destined for exocytosis must cross the cell wall. Previous research by
Chang and Trevithick (1974) estimated pore size on hyphal walls. It was concluded that
most proteins secreted by filamentous fungi are larger than pores, thereby limiting the
passage of most proteins (Jennings, 1995 and Wosten et al., 1991). In this respect, the
hyphal wall functions as a diffusion barrier.
Hyphal tips on the other hand, are chemically and structurally different than the
rest of the hyphal walls (Wessels, 1989). The hyphal tip region is more plastic and
porous (Jennings, 1995) due to incomplete crosslinking of microfibrillar wall
components. As a result, pores in the hyphal wall are not as important to protein
secretion as previously thought.
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It has been shown that hyphal tips are devoid of all organelles except for a
significant abundance of vesicles. The vesicles, containing proteins to be excreted
concomitant with the bulk flow of wall polymers, have been seen in the process of fusing
with the plasma membrane (Peberdy, 1994; Wessels, 1986 and Wessels, 1993). The
continuous fusing of vesicles with the plasma membrane and the constant supply of wall
polymers at the hyphal apex is known as the steady state theory, which was proposed by
Wessels (1989). The steady state theory explains hyphal morphogenesis and protein
secretion, implying that the two processes may be coupled (Peberdy, 1994). In a study
conducted by Brada and Schekman, (1988) a plasma membrane protein and an enzyme
destined for exocytosis were localized within the same secretory vesicle.
Vesicles are thought to develop far behind the hyphal tip at the endoplasmic
reticulum where they subsequently pass through Golgi equivalents and later concentrate
at the hyphal apex where protein excretion occurs maximally. As they release their
contents at the cytoplasmic side of the hyphal apex, proteins to be secreted may exit at
this point while microfibrillar components remain within the hyphal wall. The subapical
region known as the extension zone follows. In this area, the wall is stretched and
partially cross-linked but cannot yet resist turgor pressure. Although the extension zone
causes the hyphal wall to thin down, the constant addition of wall material at the apex by
vesicles counterbalances that and maintains wall thickness. Behind the extension zone,
rigidification increases and cross-linking becomes complete. This gives the hyphal wall
the ability to withstand turgor pressure in this region. At a constant rate of growth, the
rate of formation of plastic wall material at the hyphal apex equals the rate of
rigidification, hence the steady state theory (Wessels, 1989).
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Although a large portion of proteins is secreted at the hyphal tips, other proteins
are sequestered within the hyphal wall behind the apex and are slowly released (Wessels,
1993).
Proteins are hypothesized to exit hyphal tips via vesicle-mediated exocytosis and
I hypothesize that glomalin may share that pathway as well. The purpose of this study
was to localize glomalin within the hyphae of Glomus intraradices in order to understand
how this protein is produced and how it is secreted.

Materials and Methods

In vitro culture ofAMF and harvest as source material for transmission electron
microscopy (TEM)
Single compartment in vitro cultures of the AMF, Glomus intraradices, growing
on Ri T-DNA transformed Daucus carota roots (St-Arnaud et al., 1996) were used
because they allow G. intraradices to grow in culture under sterile conditions. A stock of
in vitro cultures was maintained by subculturing from previously established cultures
onto fresh modified M medium solidified with 0.4% (w/v) phytagel; plates were
incubated at 25°C.
Four 2 cm diameter disks were excised with a sterile corer from in vitro cultures
and each was placed into a 50-ml centrifuge tube. Each disk was subjected to one of four
treatments followed by the subsequent extraction and quantification of glomalin (Table
1). The purpose of this was to determine if the chemicals involved in the fixation process
for TEM would interfere with the binding of the monoclonal antibody 32B11 and/or the
glomalin epitope.
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Treatment A
2% Gluteraldehyde
0.2M phosphate buffer
1% 0s04
0.2M phosphate, buffer
50mM sodium citrate
TG extraction

Treatment B

Treatment C

Treatment D

2% Gluteraldehyde
0.2M phosphate buffer
50mM sodium citrate
TG extraction

0.2M phosphate buffer
50mM sodium citrate
TG extraction

50mM sodium citrate
TG extraction

Table 1: Fixation pre-step. Four separate treatments were performed on 2cm in vitro
phytagel disks to determine if the chemicals used in the fixation process for TEM would
alter the immunoreactivity of glomalin. Each step was 1 hour in duration followed by a
TG extraction.

Transmission Electron Microscopy Fixation(3 methods)
Method 1
Samples were fixed with 2% gluteraldehyde in 0.2M phosphate buffer (pH 7.2) at
4°C and post-fixed withl% osmium tetroxide (OSO4) in 0.2M phosphate buffer at room
temperature for 1 hour each. Between fixatives samples were rinsed in 0.2M phosphate
buffer (pH 7.2) over 1 hour (buffer was changed 4 times), dehydrated with ethanol and
embedded in PolyBed 812 using BEEM® capsules (Ted Pella, Inc, Redding, CA)
(Bozzola and Russell, 1999). Samples were polymerized at 60°C under vacuum.

Method 2
Samples were stained overnight with 0.05% trypan blue and rinsed over 1 hour
(buffer was changed 4 times) with O.lM-cacodylate buffer (pH 7.2). Samples were fixed
with 3% formaldehyde and 1% gluteraldehyde in O.lM-cacodylate buffer (pH 7.2)
overnight at 4°C and were washed with O.lM-cacodylate buffer (pH 7.2) as stated
previously and then dehydrated in ethanol. Half of the blocks were embedded in Spurr's
Low Viscosity Embedding Media (Polysciences, Inc. Warrington, PA). The second half
were embedded in LR White (Sigma Chemical, St. Louis, MO) using BEEM® capsules
and gelatin capsules (Electron Microscopy Sciences, Fort Washington, PA) and a
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modified flat embedding technique using Aclar® sheets (Ted Pella, Inc., Redding, CA).
Samples were polymerized at 60°C under vacuum.

Method 3
Samples were fixed as in method 1; however, after fixation, hyphae and spores
from the in vitro G. intraradices/ D. carota culture were harvested using fine tweezers by
solubilizing the medium as described by Doner et al. (1991). Hyphae and spores were
transferred using fine tweezers into a small petri plate where they were fixed in 3%
formaldehyde and 1% gluteraldehyde in 0.1M cacodylate buffer (pH 7.2), dehydrated in
ethanol and flat embedded in LR White on Aclar® sheets, which were left to polymerize
at 60°C under vacuum.

After polymerization of all samples from all methods, hyphae and spores were cut
out with a razor and glued onto blank polymerized blocks and sectioned with glass knives
using a MT500 Sorvall® ultra microtome.

Antibody Staining
Sections were mounted on formvar coated grids and stained with a 1:1 dilution of
MAb32Bl 1 in 1% gelatin in phosphate buffered saline (PBS) for 1 hour then rinsed over
1 hour in 1% gelatin in PBS (solution was changed 4 times). Sections were then stained
with a secondary antibody conjugated to a lOnm gold marker for 1 hour. There were 3
controls. Two controls were stained with either the MAb mentioned above or the
secondary antibody alone for 1 hour with a wash step between antibody stains. A third

control was a non-colonized Daucus carota root. Following the antibody staining, all
sections (experimentals and controls) were rinsed in 1% gelatin in PBS for 1 hour
(solution was changed 4 times) followed by a rinse in deionized water for 1 hour (water
was changed 4 times) to wash off the excess protein and viewed with a Hitachi H-7100
electron microscope.

Results

Transmission Electron Microscopy
There was no significant difference between the control, phosphate buffer
treatment and the treatment including both the primary (2% gluteraldehyde) and
secondary (OSO4) fixatives. The treatment, which included only the primary fixative,
was significantly higher in immunoreactivity compared to the other treatments (Figure 9).
Immunolocalization mapped the glomalin protein within hyphal tips (Figure 10)
and hyphal walls (Figure 11) of G. intraradices. Glomalin was also located within the
walls of spores (Figure 12 and 13). The immunolocalization intensity of glomalin
seemed to increase towards the outer layers of the spores wall (Figure 13). There was no
immunogold labeling within hyphal tips of controls (data not shown) or on non-colonized
root pieces (data not shown).
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Figure 9: Effects of different TEMfixation treatments on the immunoreactivity of
glomalin produced in vitro cultures of G. intraradices. Values are the mean
and error bars represent the standard error of the mean

0.018

JL
0.016 0.014 0.012
3

0.010

I

0.008

o
CD

1
0.006 -

0.004 0.002 -

0.000

_!

Glut/Phos/Os04

r

Glut/Phos

Phos

Treatment

Control

Figure 10: Immunolocalization of glomalin within hyphal tips of G. intraradices.
(17,000x)

Plastic

k
Hyphal interior

Hvnhal wall

43
Figure 11. Immunolocalization of glomalin within hyphal walls of G. intraradices.
(80,000.x)
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Figure 12: Immunolocalization of glomalin within spore wall of G. intraradices.
(4,000x)
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Figure 13: Immunolocalization of glomalin within spore wall of G. intraradices
(20,000x)
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Figure 15. Absence of immunogold label with a non-colonized root of Daucus carota.
(9,00Ox)
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Discussion

Immunoreactivity of glomalin did not appear to be altered by the chemical
fixation process involved with immunocytochemistry. However, results aimed at testing
this showed an increase in immunoreactivity when only the primary fixative,
gluteraldehyde, was used in conjunction with the phosphate buffer. Such results may
have represented an area with high glomalin content within the in vitro cultures.
Immunolocalization of glomalin is indicative that this protein is located within hyphae,
hyphal walls, spores and spore walls of G. intraradices. Absence of immunolabel within
non-colonized root pieces of Daucus carota supports the hypothesis that glomalin is
produced by AMF and in their absence no glomalin is produced. No internal structures
such as rough endoplasmic reticulum, Golgi or vesicles were visible within hyphae with
the fixation protocols used in this study. Such evidence needs to be produced in order to
confirm that the secretory pathway of glomalin occurs via vesicle-mediated exocytosis at
the hyphal tips, which originate from the rough endoplasmic reticulum and Golgi system,
respectively.
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CONCLUSION

Three possible factors controlling the production of glomalin were addressed in
this study: the effects of host carbon supply, different AMF species and cellular
mechanism of secretion.
AMF, being obligate symbionts, can only obtain carbon from their host plant.
That carbon obtained is used to produce glomalin. In this respect, any fluctuations or
changes in carbon allocation to AMF is therefore expected to exert an influence on
glomalin production. The first study focused on the effects of decreased carbon
allocation to AMF which was accomplished by simulated aboveground herbivory (severe
clipping) and belowground herbivory (by nematodes). Results showed that glomalin
production was indeed affected. This was evident by a decrease in glomalin yield
compared to the control. Intermediate levels of glomalin yield occurred when either
nematodes or clipping were applied. Results also suggest that glomalin yield may be
more highly affected by clipping than by nematodes but the two treatments were not
significantly different from one another. Also, aboveground herbivory which
significantly decreases a plant's photosynthetic foliage may cause the plant to lose its
ability to support AMF as a result of significant carbon loss since AMF require about 1060% of a plants' photosynthate (Gehring and Whitham, 1994). Because soil glomalin
pools are also susceptible decomposition factors, non-mycorrhizal soils from the same
experiment were also analyzed. There were no changes among the treatments in nonmycorrhizal soils indicating that changes in the soil glomalin pool were due to changes in
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production. Hyphal length was not affected by either clipping or the presence of
nematodes; however, the clipping x nematode interaction was significant. Although
hyphal length was shown not to be affected by either form of herbivory this may not have
been the case since hyphal length measurements do not differentiate between active and
dead hyphae. In addition, belowground herbivores for this experiment were collected
from a field known as the Konza Prairie soil. As a result, fungivores were inadvertently
included in the study and it is likely that their feeding activities severed hyphal contacts
with the host plant causing that portion of the mycelium to die.
AMF have evolved to express a plethora of different functions that can be
explained at the molecular, morphological or ecological level (Morton and Bentivenga,
1994). Such differences among the AMF are manifested through spores, wall
ultrastructure and cytochemistry, infection patterns, ontogeny of spores, spore
germination, infectivity and symbiotic efficiency to name a few (Giovannetti and
Gianinazzi-Pearson, 1994). The ability of some AMF to be more adept at producing
glomalin is certainly possible. This study suggests that the level of glomalin production
may depend on the species of AMF and further studies should include comparisons with
other AMF.
The localization of glomalin by immunocytochemistry occurred within the hyphal
tips of G. intraradices and was also seen within the walls. In addition, glomalin was also
localized within spore walls. The fixation protocols used in this experiment did not allow
the visualization of any cytoplasmic structures. The secretory pathway involved in
glomalin exocytosis was therefore not confirmed. However, the evidence shown here
showed that glomalin was only localized in the experimental sections where hyphal tips
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were present and where both the MAb and the secondary Ab were used. There was no
immunolocalization in roots of Daucus carota absent of mycorrhizae further supporting
that glomalin is solely produced by AMF.
The information elucidated in this study suggests that the production of glomalin
is controlled by several factors and it is the combination of those factors that translates
into the size of the glomalin pool in soils and ultimately soil aggregation. Soil systems
are highly complex involving numerous interactions between soil microbiota and plants
for instance. It is likely that glomalin pools in soil are also being affected by a plethora
of factors such as soil type, chemical composition of soil, microbial community and plant
community to name a few. Future research needs to further investigate those factors in
addition to the ones studied here if we are to adopt practices aimed at improving
disturbed soil systems.
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